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I. Purpose 
The field of mechanical testing of polymer films is 
very broad. It can be said that a test exists to answer 
virtually any question posed concerning their mechanical 
properties. Wherever possible, these tests are based on 
C 
rational devices in the sense that basic rheological para-
·' 
meters emerge ·from the measurementso In most cases, a dried 
film is stripped from the substrate in order to measure its 
tensile strength26 , 23 , flexibility10, resilience18, or brit-
1 tleness; supported films, on the oth~r hand, are more dif-
ficult to characterize in rational terms. 
If a film is allowed to remain in place on a substrate 
of shim stock, for example, its adhesion as well as a some-
what obscure composite of the above properties can be meas-
ured by peeling the film from the substrate, flexing or 
bending the substrate over pre-determined forms, or impact-
ing steel balls against it18 ., Visual observation of film 
damage is usually the only criterion of failure. 
Similarly, a large number of devices has become 
''standard" for detei;mining drying rates of film-formers. A 
separate piece of ~esting equipment or interchange of probes 
often is required to measure a single parameter such as 
drying time for different types of films 18 . This is a 
clear disadvantage. The recording impedometer gives 
drying curves for any film-fo~ing system, provided that 
a continuous adherent film of proper thicknes~ is formed. 
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A difficulty arises when it becomes desirable to meas· 
ure rates of chemical or plasticizer attack on a polymer 
film o Before the development of impedometry, no technique 
could determine satisfactorily the time required for a 
plasticizer to penetrate a film or for a chemical agent to 
destroy cross linking. 
While the basic ultrasonic impedometer was pioneered 
by Mason, McSkimin, et, al.lS,lG,ll, the use of an inte-
grator coupled with a strip chart recorder to contin-
uously monitor film changes was first demonstrated in 
this laboratoryo It is the purpose of this thesis to 
describe the principles of the recording impedometer, to 
demonstrate its potential, and to interpret the physical 
and chem.ical information which it is capable of yielding . 
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II. Experimental Section: I . 
A. Basic Principles of Impedometry \ 
l" General discussion - substrate geometry 
\ 
The pri·nciples of ultrasonic itnpedometry are described 
4 12 20 11 24 · .. , 
_,. in several references ' ' ' ' • These. principles are 
reviewed for the purpose of ~ompleteness and unity. -~ 
Figure 1. Impedometer 
Transmitting 
Quartz 
Crystal 
(#1) 
- - - - - - - - - - - - - - - - - - - - ~ - - - - - - --, 
C 
Receiving Crys al (#2) 
Figure (1) illustrates the ultrasonic impedometer mon-
itoring substrate. It consists of a fused amorphous quartz 
bar four inches long and one inch square in cr~ss sectiono 
.To the ends of the bar are bonded thin Y-cut piezoelectric 
quartz crystalso The nature of this bonding is discussed 
in Appendix lo 
In operation, a 200 volt burst of radio frequency 
electrical energy is applied to crystal Ul for 5 micro- -
seconds. The frequency of the signal in this burst or 
pulse is adjusted to the resonant frequency of crystals l. 
\_ #1 and #2 in order to obtain maximum transducer efficiency. 
'---
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The recor~ing impedometer operates on the thirty megacycle 
third harmonic of a.crystal normally resonant at 10 megacycles. 
The electrical ·pulse causes the crystal to e?tpand and to 
contract such that a microscopic mechanical squeeze-relaxation 
mode of vibration is induced in the fused quartz bar o The 30 
megacycle shear mechanical vibration emanating from crystal 
#1 enters the bar with the displacement parallel to the top 
surface of the bar and with propagation di~ection incident 
.... 
0 
upon this surface at an angle of 11. The pulse ~s reflect-
ed from this surface to crystal #2. Far from being spent in 
one traversal through the bar, the mechanical pulse is repeat~ 
edly reflected within the substrate, each time with some sig-
nal loss. Direction of propagation and reflection is indi-
cated by the line (a) in Figure 1. Aft~r approximately for-
ty passes through the bar, the amplitude of the signal is so 
reduced that it is no longer detectable. Crystal #2 acts as 
a ''microphone'~transducing· each second pass of mechanical vi-
bration (echo) into an electrical signal which ca~ be ampii-
fied and quantitatively analyzed19 , 20 • It is the continuous 
\': -. 
automated manner of a~alyzing the returned signals ~hich this 
thesis describes. 
A liquid placed on the impedometer bar substrate forms a 
..... 
mechanical couple with the substrate and in this way, absorbs 
some energy from the mechanical signal each time the signal 
reflects from the substrate-liquid interface. The viscoelas-
tic properties of the liquid or film reduce the amplitude of 
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(attenuate), the signal and also produce a time delay (phase 
-
shift) in ito Equations relating viscoelastic properties of 
liquids or films to attenuati9n and phase shift measurements 
·l are presented in Appendix 2 o 
2o Pulsed recording impedometry 
The recording impedometer monitors the shear mechani-
cal attenuation produced by a liquid or film placed on the 
quartz substrateo The block diagram below, Figure (2) il-
\ 
lustrates the overall system. Only the integrator is sche-
matically presented in detail since it is the module that 
produces the continuous recording not previously reportedo 
Pulsed 
Oscillator 
Servo 
Recorder 
,. 
Sample Film --
1N34 
470Kn. 
1MFD. 
Detected 
Output 
Amplifier 
-• 
1N34 
25Kn POT. 
Figure 2. Block Diagram of Recording Impedometer 
' 
' lKJl 
-
The pulsed oscillator produces 120 pulses of high fre~ 
quency electrical energy per second. These signals are fed 
-~-
:.. -
, . 
. .. -. 
,, .___. __ --- -
0 
. ' • • tt ·'-
._ ............... . 
i 
~-
6 
into the bar from the input transducer as a ,a.series of me-
· chanical vibrations. Each echo from each initial shear. 
mechanical vibration i_s converte~ to a voltage by the sec-
ond transducer and ?mplified. The output of the amplifier· 
is integrated by the circuitry given above such that the fi-
nal result is a d.c. voltage which is.a function of the pow-
er contained in the mechanical vibrations within the bar. 
Viscoelastic liquids or polymer films absorb energy when, 
placed upon the bar surface, that is, they increase the im-
pedance to energy throughput and in this way reduce the num-
ber of echoes reverberating within the bar. The. smaller ~um-
ber of echoes represents a decrease in the total power 
' 
throughput and it is this decrease which is monitored by the 
recorder. The magnitude of this reduction in power is a 
function of the film's viscoelastic properties and is called 
shear mechanical impedance. 
Bo Materials Investigated 
Cobalt-catalyzed preoxid.ized linseed oil was supplied 
P' by the Wilmington Enameling Company of Wilmington, Dela-
ware. It was identified by the manufacturer's number 
100-C-X-70 and characterized as an oil having an iodine 
number of 186 containing 0.045% cobalt naphthenate drier and 
diluted to 70% non-volatiles with xyleneo Viscosity at the 
time of manufacture was 135 poise at 77°F. 
Benzoquinone was reagent grade Baker and Adamson, puri-
· .. h 
fied by recrystallization and dissolved in linseed oilo 
----,, 
' ' ' 1' 
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/ 
The polystyrene solution was prepared by dissolving sty-
rofoam similar to Dow Styron resin 666 in a solvent which was 
of the approximate composition 15% acetone and 85% benzene. 
' 
Final composition of the solution was determined by .weight 
to be 47.5% solids.· 
... 
Lubricating oils HVI, MVI, and LVI were supplied by 
A. J. Barlow and Jo Lamb of the University of Glasgow, Scot-
, 
land. The oils are of high-, medium-, and low-viscosity in-
dices; that is, they possess, respectively, low, medium, and 
high dependency of viscosity upon temperatureo Further dif-
ferences in composition are reported in the literature4, 
Polybutenes used were supplied by Indoil Corporation. 
Sample H-35, H-100, and H-300 had steady flow viscosities 
of 1005, 220, and 600 poise respectivelyo Further charac-
terization is supplied in Appendix II Co 
) 
Linol~ic acid was used as supplied by Fisher Scienti-
fie. A 10 mlo portion was sealed in a vaccine bottle and 
Nuodex cobalt napthenate was added to make the final con-
centration of Oo03% cobalt. 
The o.range Tygon primer was identified with the num-
ber TP108 by its manufacturer, u~s. Stoneware of Akron, 
,,., 
Ohio. Laboratory determination established its composi-
tion to be 32% solids at the time of use. 
, I 
,-;.\.,t: ·"" -
• 
• 
. _i._,._., ... 
.. .,,. 
1. 
-
. _,.~ 
... 
J,_. • (" 
i1·,,, 
, 
••• 
III. 
... 
8 
Results and Discussion 
A. Cobalt-Catalyzed ·P:reoxidized Linseed Oils 
1. Film deposition 
. i~ 
The recording impedometer was used to monitor increas-
ing mechanical impedance and cross-linking in linseed oil 
films. In each case, a volume of the linseed oil was drop-
ped from a hypodermic syringe and leveled by means of the 
hypodermic needle to give a wet film thickness of 50 micro~s. 
The dry film thickness, calculated on the basis of percent 
solids, was 35 microns. The films did not become hard .e-
nough to cause the difficulties described in section C. 
Four samples were prepared by drawing 10 cc. por-
tions from a large batc·h of the preoxidized oil, 
. .. . (100-C-X-70), placing them in airtight vaccine bottles and 
treating them with varying amounts·l of benzoquinone inhi-
bitor2 as indicated in Table 1. Films were then cast from 
these samples as ,·described above • 
Table 1. of Data for (100-C-X-70) Linseed Oil 
Sample % Benzoquinone 
1 0.000 
F na 
Attenuation 
Level 
{db per echo) 
11.5 
In 
Darl<.ness 
rv2 
In 
Light 
-----
-•. 
., 
't-· 
-~ 
2 0.003 11 5.5 4~. 5 
3 0.006 11 11 ,..,,7 
4 0. 012 · 10.5 25 ,-13 0 5 
• 
··k 
.1 ,! J .. 
2. Ef feet of inhibitor on drying curves 
Films dried in light gave somewhat ambiguous results 
(Figure 3) o It was decided to allow the films to polymerize 
in the darkness as well, so the following techniques were es-
tablished. 
All oil films were cured on the quartz substrate in an 
environment chamber where humidity was held at 55% t 5% and 
0 Q temperature was held at 30 t 1 Co Those oils allowed to dry 
in the dark were applied at night and all highly transparent 
areas of the env·ironment chamber were blocked but unfortu-
nately, some low level indirect light entered during day-
light hourso Those oils dried under lighted conditions were 
dried in the continuous illumination of a G.E. fluorescent . 
lamp, (F.C.879-CoW.) held 3 feet above the polymerizing film 
and separated from the film by a 1/8 inch sheet of plexi-
glass (polymethyl methacrylate). 
The recording impedometer gave the d~ying curves re-
produced in Figures 3 and 4o In all cases, the recorded 
plot showed evaporation o~ the xylene solvent which was 
shown to be essentially complete about 15 minutes after ap-
plication of the oil. Following evaporation of the major 
,. 
portion of solvent, there existed a period of time, the in-
duction period, duting which the instrument detected no 
change in the film's ~echanical impedanceo For the control 
;\,.,-. (sample 1), in the light, the induction period was so ~short 
that it merged to some extent with the solvent evaporation 
:•. 
'-· ,------·-,•-..;--------., -- . , ...... ......:._-, .•. . ,,, '--, . - - ' ' • ,.,, ' -,- _-,-_-._ -cc-·, . ' -
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'I, Figure 3. Drying Curves for Linseed Oil in Light 
•·,,.,:,: 
12 
10 Sample 
No" 1 
8 
4 
2 
0 5 10 15 
4 
20 
Time {hr.) 
25 30 35 
Figure 4. Drying Curves for Linseed Oils in Darkness 
12 
10 
8 
b. db 
6 
.... . . . : .. . " . . ..... 
. . .. 
2 
0 
I • 
Sample 
No. 1 
... 
' . 
1 15 20 . 5 30 . 35 
Time (hr.) 
1, 
... 
··\ 
40 
40 
-;.''ti 
t 
: ... ~ . 
-
.. 11 
~ 
curve. This was to be expected for a preoxidized oil, low 
in natural inhibitors. 
Data from Table l give a direct proportionality rela-
tionship between percent inhibitor and length of induction 
period for f·ilms dried in the dark. 
0.003 
5.5 
0.006 ~ 0.012 
11 = 25 
\ 
It was expected that the two-hour induction time for the 
control sample would have to be subtracted from the induction 
time of the inhibited films to obtain the above proportion-
alities. The fact that this was not necessary indicates that 
a mechanism other than the benzoquinone type inhibition may 
have been responsible for the two hour inductiQn period found 
~ 
for the control sample dried in darkness. 
The drying rates (slopes) for the inhibited-oils in 
darkness were similar to ~ach other. Differences among them 
could easily be attributed to local variations in film thick-
ness. The control (sample 1) gave a curve somewhat different 
in shape. It is postulated that the expended benzoquinone 
acted as an accelerator to bring about a faster initial cure 
rate in the inhibited samples, once cross linking had begun. 
It ls also possible that maximum peroxide build up had oc-
curred in the inhibited samples so that exhaustion of the 
.. 
free radical terminating power of tl;te benzoquinone was fol-
lowed by the polymerization of the oil at a higher rate gov-
erned by the larger number of initiator peroxide molecules 
p~esent2·' 5 ' 6·,, 8 • · - . -
,· 
. ·- - . -- ·-· -·-- ·- -·~-· .. ,,~ ...... -
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12 
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.. , 
The final attenuation, and therefore the rigidity, was 
reduced slightly by increases in the inhibitor concentration. 
The films containing inhibitor are expected to be softer be-
cause benzoquinone, in terminating the free radicar polymeri-
zation, reduces the number of molecular cross-links in the· 
final film. 
3. Light effect 
Under light.ing conditions previously def·ined, large dif-
ferences in length of the induction period for the linseed 
oils were observedo In all cases, corresponding films dried 
faster under fluorescent illumination than in darkness, 
(Table 1). The most marked light effect was a reduction in 
the duration of the induction period of sarnple 4 from 25 
hours in darkness to 13o5 hours in light. The dependence of 
induction period upon lighting conditions was not quar1tita-
tively established, but it may be said that in most cases, 
light approximately halved its length. 
Table 1 shows that the final attenuation levels achieved 
by the films are independent of lighting conditions within 
limits of error. The addition of inhibitor to the oil has 
proven to be of great value by its effect of increasing the 
-sensitivity of the system to retardation or acceleration of 
dryi,ng brought about by environmental changeso 
B. ImpedOJDetric Study of Polystyrene Films 
1. Film application 
Various quantities of polystyrene solution were applied 
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to the impedometer bar by means of a hypodermic syringe and 
. ' 
leveled with the hypodermic needle. Temperature was held to 
34 + 1°C. 
-
The drying curves were plotted by the recording 
impedometer. 
Films of varying thickness were attacked with dibutyl 
phthalate. Dibutyl phthalate was applied as the liquid to 
the surface of the dried film and the subsequent plasticiza-
tion was followed by the recording impedometer. Other films 
were allowed to remain on the bar until adhesive failure oc-
curred. 
2. Drying times 
From results obtained it was decided that the para-
meter most useful in describing the drying of films of dif-
fering thickness is the time at which the shear mechanical 
impedance of the films reaches a relatively constant level 
(drying time)~ This criterion was chosen because the slopes 
of the curves obtained decreased abruptly at the time when 
films became hard. This property of the system made it pos-
sible tq estimate drying times with good precision even for 
the thick polystyrene films studied. 
For thick film systems of this type, diffusion of sol-
• 
vent through bulk film had to occur before the solvent could 
evaporate from the air-film interface, Therefore, a quanti-
tative relationship was sought between drying time and film 
thickness. For the polystyrene films investigated, it was 
found ~~erimentally that there was approximately a linear 
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dependence of drying time (as previously defined) upon the 
square of the film thickness as calculated from the equat~on 
below. 
\ 
(dginc, time) 2 = (constant) (fi t 1.ckness) 
Table 3 shows that the ''constant'' varies by :t 20% but 
the manner of spreading the polystyrene film coupled with the 
great tack and high viscosity of the polymer solution gave a 
~ 
somewhat uneven film which could easily cause the above de-
viations. 
3. Temperature effect 
In Figure 5, the two curves reproduced for the 1250 mi· 
cron films show the effect of a decrease in temperature upon 
their drying rates.-o While corresponding films at 35°C o at-
tained a r~latively constant level of attenuation after 24 
minutes, the 1250 micron films dried at 25°Co required 6 
minutes longer to reach a constant level of attenuation. 
This represents a 17% slower drying time for the films dried 
at lower temperature. 
4o Loss of adhesion 
When allowed to remain on the substrate, the polysty-
rC!J.,1e film remains flexible and in intimate contact with it 
I 
for a period of time. Gradually, the film becomes more brit-
tle and subsequently develops stresses which cause it .to fail 
adhesively. This behavior led to the postulate that the film 
ietains solvent for long periods and that it is evaporation 
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Table 2. Important Time Parameters for Polys~yrene Films ·· 
Film Drying Time to Time to Time for Time for 
Thickness Time Incipient Complete Initial Complete 
(microns) (min.) Adhesive Adhesive Plasti- Plasti-
Failure Failure cizati.on •• • c1.zat1on 
1 I' 
·1 
1, 
(hro) (hr o) . (hr.) (hr o) 
. . 
' 
--
125 Oo33 ---- ---- 0.08 rv 1.5 
320 2.3 10.5 rv27 ---- ----
Complete 
. failure 
not ob-
served 
625 6.5 16.5 "'26 1.35 9 
1250 21 35 rv 65 3.2 16 
Table 3. Dependence of Drying Time Upon Film Thickness 
Drying Film Thicknes~ "Constant'' Film Thickness 2 
Time Squared 2 4 (min. /micron ) (microns) 
~min.) (microns) x 10 
(.,--·• 
0.33 1.56 0.212 125 •, 
2.2 10.3 0.214 320 • 
6.6 39.0 0.169 625 
, 
-- .. 
24 '156. 0.154 1250 
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Figure 6. Incipient Adhesive Failure for Polystyrene Films 
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'Figure 7. Plasticization of Polystyrene Films of Varying Thickness 
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of this residual plasticizing solvent which causes subsequent 
failure. The attenuation level shows some small changes which 
indicates that the film's rigidity is increasing due to the 
evaporation of residual solvent even after many hours of dry-
ing. The plots reproduced here are composites of many curves 
at the level of 25 db and do not show the small changes de-
scribed. Since thick films retain solvent longer, a longer 
time should be required for thick film failure if the sol-
'· 
vent's plasticizing activity is an important factor in pro-
moting film adhesion. 
Polystyrene films of varying dry thicknesses are ap-
plied to the substrate in order to establish the dependence 
, of film adhesion upon solvent retention. The curves of Fig-
ure 6 and data in Table 2 show that time required for inci-
pient adhesive failure varies from 10.5 hours after appli-
1 
_) 
cation of the 320 micron film to 35 hours after application 
of the 1250 micron film. These data must be considered semi-
quantitative because of the many and varied factors affect-
ing adhesion of polystyrene to quartz as well as the long 
time constancy demanded from an environmental control sys-
tem of somewhat limited effeciency. Despite the semi-quan-
titative nature of the data, sufficient differences are 
observed to detect and confirm the plasticizing effect, and 
the duration of long time solvent retention. From Figure 
6, the manner in which adhesive failure proceeds is seen 
to be quite pecul~ar to the film under observation. Some 
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films never completely la:se adhesion wbile others fail cCID-
pletely and catastrophically. 
Though no data are presented here, it has been found that 
polystyrene films containing small amounts of dibutyl phtha-
late (DoBoPo) remain adherent to the impedometer surface and 
show no evidence of adhesive failure. Films containing sub-
stantial am.aunts of D GP B oP. remain very tacky, and their at-
tenuation levels are not greatly changed by the evaporation 
of the benzene. Though it has not been exploited for this 
thesis, a correlation exists between the quantity of DoB~P. 
added to a polystyrene solution and the final level of im-
pedance observed for the film formed from the solution. 
5. Plasticizer attack 
Unlike the curves for adhesive failure, those for plas-
ticizer attack (Figure 7) gave rates of plasticization -
-(dropping .Portions of curves) which were of smoothly chang-
ing slope and indicated much slower plasticization of the 
thicker films as expected. The time required for initial 
plasticizer penetration was dependent not upon the square 
of film thickness, but was more nearly dependent upon film 
thickness directly. 
The attenuation levels reached a constant-~ value 3. 5 db. 
~ 
for the 25 micron filmo Attenuation was not observed to drop 
ff 
below this value even when excessive amounts of DoBoPo were 
dropped onto the film indicating that film properties were no 
longer dependen~ upon the quantity of plasticizer added and 
fl".' 
that maximal swelling had taken· place. , 
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C. Effect of Film Thickness - Tygon Paint 
lo Theory 
Original workers in the field of ultrasonic impedometry 
measured the viscosity and elasticity of liquid polymerso 
To some extent their work has been duplicated by this in-
vestigator (see Appendix II). Sh~ar mechanical waves are 
not propagated to any great extent through liquid media, 
,;,, . 
therefore no effect of film thickness was reported previous-
ly. 
,. 
Lamb's method, for example, involved ''sandwiching'' a 
thin film of lubricating oil between the quartz substrate 
and a glass slide or cover glass to insure proper wetting 
of the substrate. He has reported4, 12 that this method 
gives results independent of film thickness to about 15 
micronso 
When polymers or film-formers attain a high elastic 
modulus, (of the order of 109 dyne/cm. 2) the shear mechan-
ical wave passes into them3, and parameters measured by im-
pedometry become dependent upon film thicknesso In prac-
tice either mass loading is inadequate or the shear wave 
experiences partial reflection from and partial trans-
mission through the sub~trate-film interface. The latter 
case will be considered here. 
Adherent films with high rigidity moduli form good 
couples with the substrate and a high percentage of the 
shear mechanical energy passes into them o When such a film 
-
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is ·too thin, the mechanical vibration travels through it, 
reflects from the film~air interface, and re-enters the bar. 
This re-entering wave can be in or out of phase with the· 
wave reflecting from the film-substrate interface and, can 
cause construct1ve or destructive interferences, often giv-
ing rise to seemingly ambiguous or ''unexplainable'' results. 
An example of -this is the ''adhesive tape test". 
At 30 megacycles, a hard thin film is always found to 
be surface sensitiveo For example, a piece of cellophane 
tape is usually found to cause an apparent increase in at-
tenuation when lightly touched to the surface of such an ad-
herent film. This is the usually observed effect and is due 
to increased loading at the bar surface. However, as will 
be demonstrated, if the film is of proper thickness and rig-
idity, the well known Bragg equation conditions can be em-
ployed in conjunction·/with Snell's Law to predict an appar-
ent increase or decrease in attenuation as response to ad-
hesive tape application. , ;-,-
..,. 
Figure 8 illustrates the geometry of the system. A 
shear mechanical disturbance, having the wavefront w, im-
pinges upon the quartz-film interface. Of interest is the 
relationship between the phase of the impinging wave w, 
and that of the refracted wave at the point bo 
Between points a and b, the path length of the wave ,. 
traveling through the film (lines a c b) is given by 
equation l; and the path length of. the wave traveling. 
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Figure 8. Geometry Considerations for Interference 
Phenomena 
- through the quartz (line a' b) is given by equation (3). 
(1) 
(2) 
2d 
9 = path length through film (lines a c b). cos 
2d tan a cos 11°= path length through the substrateo 
Since cos 11°= 0.98, eq. (2) becomes 
(3) lo96d tan 9 = path length through the substrate. 
where: dis film thickness in meters. 
---· -·-· ·-· .... )~ - ... --
I ' 
9 is the angle of refraction of the shear wave with-
in the film and is obtainable from Snell's Law
14 
which in this case reduces to give 
sin 0 = 206 x 10-4 v 
vis the shear wave velocity in the film in units. 
. ' 
of meters per second. 
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The arrival time for corresponding phases of the inci-
·)l 
dent and refracted disturbances at point bis obtained by 
dividing the path length of the wave traveling in each medium 
by the wave velocity in that medium. 
(4) 
(5) 
• 
2d 9 = Phase arrival time of the shear wave 
v cos propagating through film. 
1
•
9
~~6£an 9.= Phase arrival time of the shear wave propagating through quartz . 
Equation (4) gives the time required for the refracted 
shear wave to pass through the film from point a to point b 
as a function of "Gave v~locity and film thickness. Equation 
(5) gives the time required for the incident wave to pass from 
point a' to bas a function of film thickness (the locus 
of point bis a function of film thickness). When arrival 
-
times of corresponding phases at point b (Fig. 6) differ 
by integral multiples of the reciprocal of the wave fre-
quency, n(~), incident and re-entering waves will be in 
phase. For this condition, constructive interference occurs. 
Destructive interference can occur when incident and re-
entering waves are out of phase. This condition exists when 
the phase arrival times of re-entering and incident ·waves 
differ by the amount c'n - !> cj>. 
Combining equations(4Jand(5Jwith the condition for maxi-
mal constructive interference at point b gives equationf6J 
which predicts the film thickness at which constructive in-
terferences occur when the film-substrate mechanical couple 
,! 
• 
~-, 
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25 ,, 
is considered to be independent of the loading mass. 
(6) d = .. I ( 2 I . 9 6 tan e ) 
~,. V COS 9 - 3764 
n ..... 
· where: ~ is frequency in cycles p,er seco~~ 
(. 
n is an integer; other terms have been defined pre-
vious 1 y. 
Equation (7) predicts film thicknesses at which de-
structive interference maxima occur o Adhesive tapes placed 
upon films in which destructive interference is dominant 
cause an increase in signal amplitude through the bar pro-
vided that the mechanical couple at the film-substrate i~-
terface is not appreciably affected by the increased load-
ing. 
(7) d = 2 
cos 
n -f 
I. 96 tan 8) 
e - 3764 
,. 
Table 4 gives film thicknesses at which maxima in con-
structive and destructive interferences occur. In practice, 
adhesive tape application is expected to cause an increase 
in the observed signal only for destructive interferences 
occurring when n ~ 1, and when the film thickness is very 
near optimal for pure interference,since application of 
adhesive tape causes an increase in loading which appears 
as a first order effect upon the impedance at the substrate- -
film interface. 
2. Film deposition and measurement 
Tygon films were brushed out onto the quartz bar to 
/I 
.. 
Table 4. Interference Effects Possible in Thin Films 
type of Film 
Hardest 
Films 
Hard Film 
(Lucite, 
- Poly-
styrene) 
, 
Soft Film 
(Pol·yethylene) 
Shear Wave 
V 1 . 14 e ocity 
(meters/sec.) 
2000 
1000 
.500 
Wave Length 
at 30 
megacycles 
(microns) 
67 
33 
~ 
17 
.1t·i 1.m ·1·n1cKnes ses 
Which Give 
Constructive 
Interference 
Maxima 
(microns) 
·33, 66, 99 
18, 36, 54 
8, 16, 24, 
32, 40, 48, 56 
'· 
~/ 
J.t"1.Lm ·1·n1.cknesses 
Which Give 
Destructive 
" Inter£ erence 
Maxima 
(microns) 
l 
9, 
17, 50, 83 
·-
' 
27, 45, 83 
4, 12, 20, 
28, 36, 44 
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produce, on the leveled sul,strate, as even a film as possible. 
Temperature was held at 34°+ 2°c. and air was circulated over 
-
the film by means of a small fan in the environment control 
chamber. Relative humidity was controlled at 50 t 101. 
The films were stripped from the substrate by apply-
ing collodion to the film, allowing the' collodion to dry 
for approximately 1/2 hour, ·peeling the tygon-collodion film 
from the substrate, and then separating the tygon film from 
the collodion film.. Good separations were effected and it 
was possible to determine the tygon film thickness by direct 
measurement with a micrometer. Data obtained from the re-
. 
cording impedometer were tabulated. Where large vari-
ations in thickness of a single film were measured, un-
certainties were assigned. ), 
3. Results 
Table 5 shows the effect of film thickness upon the 
.. 
I' 
drying curves obtained for tygon primer. It shows that up \ 
. 
to a film thickness of approximately 43 microns (1.6 mils), 
the effect of film thickness is manifested by development 
of one or more attenuation peaks in the early portion of 
the drying curve. The attenuation increases due to pro~ 
gressive hardening of the thin film until a point is reach~_ 
, r• ,, 
" 
ed at which the shear mechanical wave is either construc-
tively reflected from the film-air interface or incomplete-
ly absorbed because of mass-coupling effects at the inter-
face. Beyond this point, further film curing causes a 
.. 
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·Table 5 - Data for Tygon Primer TP108 
' 
• Film Maxima Observed Attenuation at Time After Thickness in Curve Application (db) 
Time After Attenuation 
- ., (microns) Application Level at 5 mino 1 hr. ·2 hr. 5 hr. 10 hr. (hr.) Peak (db) 
-
15 0.03,0.2 21,21 17.5 13 
-- -- --
18 0.1 17 17 14 
-- -- --
25 i- 3 0.05,0.2 20,26 19 
-- -- -- --
25 + 5 0.1,0.4 19,26 19 18 -- -- --
- , 
28 + 5 0.2 26+ 18 21 22 
-- ---
28 0.2,0.9 22,26+ 17.5 26+ 21 13 11.5 
31 0.6 26+ 16 23 16 13 12 '" 
33 + 6 0.5 22 13 19 19 19 19 . 
-
35 7 4 0.3 26+ 14 23 22.5 23 
--
43 + 6 Plateau Plateau 13 23 26+ 26+· 
---
. I 
63 + 6 None None 8 23 26+ 26~ 26+ 
-
, 
67 + 6 None None 12 24 26+ 26+ 26+ 
-
I 
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greater proportion of the signal to return to the substrate 
and produces a corresponding app~rent loss in ittenuation. 
At this point, stress develops in the film and tempor-
ary or permanent adhesive losses may occur in the tygon 
film as has been shown by Schultz for collodion films25 • 
' On imperfect substrates, wave interferences at this point 
may further complicate the result. 
Peaks occurred sooner after film application for thin 
films and reached slightly lower levels of peak attenuation 
than did the thicker films. 
Air circulation over the films caused fast evaporation 
of the more volatile solvents and tended to minimize dif-
ferences in film drying rates. 
';>. The values of attenuation reached five minutes after 
film application give a self-consistent trend. Low levels 
at this time for the 15-and 18-micron films indicate that 
the shear mechanical wave was already incompletely absorb-
ed. Levels for films of about 30 microns thickness indi-
cate that these films were already quite dry after 5 min-
utes,while lower levels for the 60 micron films indicate 
these films have not yet dried through. Somewhat similar 
reasoning applies for attenuation levels obtained after 
one hour of drying. 
Adhesive tapes applied to the film surfaces caused 
an increase in attenuation for all films except those 
which were 33 - 63 microns thick. These sometimes gave 
.. 
. - ·- -- ._._ .. -- ----- -- -·-. 
.1 
< 
r 
,.· 
..,_, ... ·: 
' 
,, ' . -. .:,._-- . ,:--· -: "',-· :·,:: -.; '-·· _.' ~- .. ' . ' : ·-· .... ,- ,(. . •· _ .... ., 
- -- ,. _ ....... _ ............ -..-. ........... _.,..... _ __.~t----~.~ ... ·--.-~ . ..: ..... ~-- ~ ,---- __ ,·: ~-~ . .-:.. .. : •. ~ .. ;;~-~., .. _ _ , -r-~-· • .., 
. ... ., 
.. 
30 
.i 
slight decreases in attenuation when tape was applied to 
... 
certain areas of the film surface.· It is probable that· 
variations in film ,"thickness prevented dist_inct observa-
tion of interference effects in the tygon films, though 
these effects have been observed with other systems. 
. ~- •. - . ,. . - . .. . ·~- - . - - .. 
/ 
" -.. \ 
•I 
,, 1, 
·,. j 
··~ •; 
.~· 
. ' 
,I 
...... ·. 
I 
r - - - ~-- "f.: 
1 ' ,, 
' ·' 
;·--~. 
t • 
31 
D. Pressure-Sensitive Tape 
... ~ Many kinds of pressure s.ensitive tapes are presently 
marketed. In this work two types were employed; (1) instan-
taneously adherent cellophane and plas.tic tapes which ~dhere 
to surfaces under feather-light application pressures and 
I 
(2) coarse tapes - electricians' black tape and masking 
tape whose non-uniform adhesive surface makes their adhesion 
a function of the pressure employed to apply them. 
The instantaneously adherent tapes have smooth adhesive 
surfaces and highly tackified and plasticized adhesives,such 
that their adhesion to a smooth substrate is established uni-
formly at first contact under little or no pressure. The re-
cording impedometer shows for cooonercial Scotch cellophane 
tape that attenuation rises rapidly upon initial application 
and in accord with expectations. 
Masking tape has shown properties which can be explain-
ed by assuming that the adhesive has a definite yield point. 
Figure 9 gives a semi-log plot constructed fr.om recordings 
made in the study of the rate of adhesion of commercial 
Scotch masking tape under pressure from various weights. 
The tape was applied to the bar, using nominal pressure 
until the recorder showed an attenuation of one decibel,A • 0 
2 A sponge of 23 cm. area was placed on the back of tape, a 
-lass slide was placed on the sponge,and weights were ap-
plied to the glass plate. In this way, pressure was equal-
ized over the entire 23 cm. 2 tape area. The weights applied 
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·p~gure 9. Adhesion Curves for Pressure-Sensitive Tape .; 
• co . ...._ ___________________________________ _, 
0 
2 Kg. 
• 
°' • 
' 0 ,1 
i. 
\ 
1 Kg. 
-~ 
• 0 
500 g. 
.. 
200 g. 
• 
C 
~~t...._.,,c_ __ ....,. ____ ~~---~~----~----~~---~lllf.!--~----~ ~ 18 24 30 36 42 
Time (min.) 
,_ "ft!"' 
.. 
9. 
• 
33 
\ 
···,_r I\ 
' 
' 
are given in the plot as. a label on the curves they produced. 
The impedometer level for maximum tape adhesion (tape applied • 
and pressed down with the finger nail) was 11 db. 
' 
Plots exhibited a pseudo-exponential rise, tapering off. 
to some final level after a given time had elapsed. A model 
for this adhesion might best be described as: (1) initial 
tape contact of many s~all patches of adhesive with the sub-
·strate, (2) exponential increase in total area of contact or 
in number of occupied sites, (3) attainment of a final state 
of adhesion where the total area of contact is a function of 
the ability of the adhesive to spread and fill in voids,and 
the_pressure applied to the tape backing. 
\ 
Several attempts were made to obtain a quantitative 
growth law to correlate the above data using weight applied 
and time as variables but these met with little success, pre-
sumably because of individual differences among samples and 
because of the possibility of occluded air spaces at the 
tape - substrate interface. 
The curves show initial rise brought about by initial 
viscous flow of the adhesive in response to the applied 
·· weight. A slower finishing rate of adhesion is in evidence. 
The rubber - like viscoelastic properties of the adhesive 
are responsible for development of a yield point in the tape, 
that is the adhesive spreads rapidly when the force per unit 
area is large, but spreads very slowly when the force per unit 
area of contact is below the yield point • 
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Graphical analysis of the data gives the yield points at 
42 g./cm. 2 for the 200 g. application, 83 g./cm. 2 for the 500 
g. application, 87 g./cm. 2 for the 1000 g. application and 125 
g./cm. 2 for the 2000 g. application. The high value may be 
discounted on the assumption that air pockets were entrained 
at the tape-substrate interface and on the basis that a 2000 
g. weight would exert 84 g./cm. 2 if totS1 adhesive contact 
existed between tape and substrate. This value is too near 
the actual yield point and demands an unreasonable 100% ad-
hesion, therefore this higher fictitious value is expected. 
The small weight would naturally be expected to give a 
low value because of some degree of natural matching between 
the flatness of the tape and the bar surfaces which permit-
good contact at low pressures. 
Constancy of force per unit contact .. area required for 
adh-esive spreading at 500 arid 1000 gram application forces 
indicates that.the actual pressure needed to promote adhesive 
flow in bonding the tape to the substrate is on the order of 
2 85 g./cm. 
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IV. Recording Impedometry, Conclusions 
A. Drying Time 
·-~. 
Drying time has been defined as time required for a 
film to complete the rapid part of its cure.- Generally, 
,- ,, . 
~·. 
· the attenuation level attained by the end of the drying ,, 
time is between 80 and 90 percent of the final level ob-
served. lmpedometry is capable of measuring the drying 
time of film formers non-destructively and monitors condi-
tions at the film-substrate interface. 
The drying curve may attain one or more maxima if thin 
films are observed. This behavior is attributable to inter-
ference phenomena and reflections of the shear mechanical 
wave from the film-air interface. The recording impedometer 
follows the changing properties of thin films such that the 
analog of drying time a~d the time required for complete 
fixation of a film's viscoelastic properties may be deter-
mined. 
When attenuation changes in such a way that values 
for drying time become uncertain, it often becomes de-
sirable to obtain ~he initial drying rates from plots of 
time vs. log 6 21 . 
___ ___ _ _ ___ ,IJ.. Final A~t~nuation as a Measure of Film Hardness 
Final attenu~tion level reached by the recording im-
\ pedometer is thickness-dependent. In general, the hard~r 
the film under study, the thicker it must be in order to 
I 
........ , 
, 
,. 
,. 
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\ 
completely dissipate the shear mechanical energy which en~ 
ters the film. In practice, to insure complete shear me-
chanical absorption, films are deposited such that their dry 
thickness will be equal to twice the wavelength of the ultra-
sonic shear mechanical·disturbance. At 30 megacycles, a 
very hard film would have to be about 125 microns or 5 mils 
thick. 
The shear rigidity modulus of a film is calculable from 
knowledge of the attenuation onlY, at high attenuation levelsi 
therefore, it is possible to calculate a reasonabiy precise 
value of film elasticity (G') from attenuation data only. 
Knowledge of G' can be used to determine average chain 
') 
length of polymer segments between crosslinks9 • The WIZ, 1 j / 
computer program (Appendix II) is capable of giving vatues 
-
for G' in tabular form. 
C. Film Removability 
The method of recording impedometry is uniquely cap-
able of continuously monitoring the softening or degrad-
ation of films by attack with solvents, plasticizers, or 
chemical agentso Time required for penetration of the 
attacking agent as well as actual rate of penetration and 
ultimate degree or degradation (in decibels) can be moni-
tored. Finally, if the attacking agent is volatile, or if 
it can be removed·from the film by a gentle leaching or 
cleaning, the degree of permanent film damage may be quan-. 
titatively determined when the film is again allowed to dry. 
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D. Pressure-Sensitive Tape 
Increase in attenuation can be viewed as a population 
increase or as an increase in the number of substrate sites 
which are occupied by the adhesive tape. The viscoelastic 
properties of the adhesive and backing have considerable 
effect upon the area of contact between the adhesive and 
substrate. Values for the percent of tape-substrate con-
• tact area as a function of time and application pressure 
have been determined. 
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Appendix I. 
A Technique for Bonding Crystals to Bars 
Both ends of the quartz bars are silvered, either by 
conventional vacuum deposition techniques or by means of the 
silver mirror process described in the Handbook of Chemistry, 
and Physics. Electrical contact is made with this silver 
mirror by laying a copper wire in contact with the mirror and 
applying a coat of conductive lacquer, care being taken to 
prevent it from running onto the surface to be bonded. The 
paint serves to attach the wire permanently to the bar and 
silver mirror. The silver mirror serves·as the ground con-
tact for the crystal. 
__ .,. 
Figure 10. Crystal Bonding 
Drop of 
Bonding 
Material 
Fused 
Quartz 
Substrate 
Quartz Crystal 
Fine Copper 
Wire Bonded 
...____. to the Sil-
vered Crystal 
Fine Copper Wire 
Bonded in Electri-
cal Contact ,~ith 
the Silvered End 
of the Quartz Bar 
by Conductive Tube 
Coat Lacquero This 
Wire Is Connected 
to Ground. 
J 
... 
.. 
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The AC or Y-cut quartz crystal, plated with silver or gold 
,, 
on both faces is prepared by carefully cleaning it with acetone 
and attaching a wire to it, again by means of the conductive 
lacquer and cemento The end of the bar is made level. 
The bar is heated gradually to 50°c. by means of a 
nichrome heating wire wrapped around it. Bonding material 
consisting of water white catalyzed epoxy notably, EPOX-E, 
commercially available in hardware stores, or a resin such as 
Monsanto's Aroclor, is applied to the silvered surface. The 
crystal is pressed lightly to the bar, to uniformly spread 
out the bonding resin betiveen bar and crystal o 
The crystal is then aligned so that particle displace-
ments in the shear mode of mechanical vibration lie parallel 
to the top of th.~ bar surface and so that emitted waves are 
reflected to the proper area at the far end of the baro A 
gauze or sponge pad is placed on the crystal and a weight 
applied to insure that the crystal is pressed uniformly to 
the bar. Care must be taken to insure that the edge of the 
bar is level so the crystal does not slideo The weight 
should be removed once or twice to make sure the crystal 
has not moved. 
The pulser output is connected to the amplifier input 
and to the crystal being bondedo Amplifier output is dis-
played on an oscilloscope so that the progress of the bond-
ing can be observed. Bar temperature is increased to a maxi-
mum of 80° C.; and held· for 10 minutes to allow the adhesive 
..•• , ..... ,··,,-:;,,,,, _,•.. ..--.. ,:_, .•.••. - ",-~"' ... -... ~ .-·1-:s-.•. -..~,- ."-I!' .. , ••. , - .=- ~"- .-.-,~-~ -
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to flow in properly. The bar is allowed to cool. After bond 
has cooled or catalyzed and epoxy has cured, maximum signals. 
/ 
will be observed. 
Painting the crystal and the entire end of the bar with 
anti-coro~a ·1acquer will minimize chance of arcing at the 
crystal. 
... 
,. 
•. 
-
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' 11. Research Impedometer 
A. Equation to Describe Bar Exponential 
A shear mechanical vibration, once induced in a quartz 
bar of good quality experiences exponential decay. Thee-
quation describing the decay is analogous to Beer's Law 
for absorption of light in a homogeneous absorbing medium. 
Determination of the agreement between theory and practice 
is a measure of the precision of the impedometer instru-
mentation in general, as well as a test for the reliability 
of the particular bar being used. The impedometer sub-
strate manufactured by Corning Glass Works and designated 
bar H was chosen. 
Table 6 gives the, readings on the research impedometer 
for the radio frequency·voltage of each peak as a function 
of time after the initial pulse. Equation (8) is·a general 
form of exponential equation and serves to test the data. 
(8) E = A e -kt 
. 
where:. Eis R.F. peak~to-peak voltage . 
. 
' 
. A is a constant characteristic of pulser output 
power and crystal conversion efficiency. 
/ k is time rate of loss of the signal in the bar. . 
t is time in microseconds between echoes. 
Operating logarithmically on equation 8 gives: 
(9) ln E - ln A - kt 
-
;,· 
' ,. 
or 
(10) log E log A - ltt - 2.303 
.• ,-i I , 
I 
' l . 
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. A plot of the data in Table 6 is made on a three-c-ycle 
semi-logarithmic scale. The plot is linear and gives a 
t = 0 intercept at A= 2.1. The slope gives a value fork 
of 0.00624 when tis expressed in microseconds. Equation 
(8) then becomes: 
(11) E = 2.1 e-0.0062~t 
I 
Table 6. Amplitude of Echoes Within Corning Bar 
. 
Echo No. Delay Time Volts (microseconds) 
. 
1 40 1.65 
2 120 0.98 
3 200 0.58 
4 280 0.42 
5 360 0.26 
I_, . .,. 
6 440 0.19 
7 520 0.07 
8 600 0.05 
9 680 0.031 
10· 760 0.022 
-
11 840 Oe0125 
Figure 11 shows that the observed data are of good pre-
cision. A source of- error is the possible non-linearity of 
oscilloscope response to the 15-megacycle signal. at. dif~-
ferent amplifier sen~itivity positions. Under the circum-
stances, agreement was considered sufficient to warrant use 
, of Corning bars to attempt measurement of phase and 
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attenuation as reported in the following section. 
B. Calculation of High Frequency Viscosity and Elasticity 
. ~ 
The basic equations f~r calculation of high frequency 
•.. ,. 
viscosity and elasti~ity have been derived by H. T. 0 1 Neal22 . 
This derivation is presented in detail by Schultz25 • 
Therefore, the equations are presented here without further 
justification. 
1~ = 
_.4 _.4. ct» ) 2 06 7rf f ( 1 + 10 20 + 2 X 10 "° COS T X 1 
G' = c
2 ( (1 - 10·~ ) 2 - 4 {10-i;i- sin -f- ) 2) 
f(l + 1o·ai- + · 2 x 1o·if; cos f )2 
where: C is the shear mechanical impedance of quartz 
(8. 29 x 105 ) multiplied by cos a-
- -
"'= 79° and is the angle of incidence of the shear 
mechanical wave to the normal at the bar surface. 
A is the attenuation per echo caused by the absorb-
ing medium. 
, is ~he phase shift·with re·spect to a reference 
substrate per echo in degrees .. 
e is density of film under study. 
7T is 3.1416. 
f is the frequency of the she•r mechanical wave in 
megacycles. 
For the bar geometry described in section II A. of 
this thesis, the above equations were programmed in w.1.z. 
computer language to facilitate rapid and precise 
I 
• • j 
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computation·. 
\ 
.. ··•~ 
Figure-12 is a copy of the program which computes vis-
cosity and elasticity moduli from laboratory data which must 
be punched on computer data cards. Values of attenuation 
(DELTA) in decibels per echo, phase shift (PHI) in degrees 
per echo, frequency (F) in megacycle units, and density (RHO) 
.. ' ~ -
in grams per cubic centimeter must be punched in that order 
on the data card for each calculation. 
Figure 13 is a copy of the program which compiles a ta-
ble of elasticities and viscosities. After initiation from 
a data card, on which values for DELTA, PHI, F, and RHO are 
punched, the computer alters the variables DELTA, PHI, and 
F (frequency) by the programmed intervals and makes calcu-
lations of viscosity and elasticity from each new value of 
those variables. This table is of use for obtaining order-
of-magnitude answers as well as assisting in the evaluation 
of the error in an answer when the data is of limited pre7l 
cision. 
The answers obtained from the computer were verified 
by checking and correlating them with manually calculated 
results. Further, in order to insure that the program was 
correct and results were reliable, data presented by Barlow 
and Lamb in private communication was processed to give an-
swers identical to those reported by these investigators. 
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C. Viscos.ity and Elasticity of Oils and Polybutenes 
1. Method 
' ........ 
Two identical impedometer bars are pulsed simultane• 
ously. Echoes range within each bar and experience expo-
nential deca.y as described in section II A of this thesis • 
. 
· One substrate is chosen as a reference; the other is chosen 
to monitor the sample. 
·.~ 
Attenuation levels are read from the monitoring sub-
strate only. Phase is read by amplifying the echoes from 
both bars s~parately through phase stable amplifiers, feed-
ing the amplified echoes into separate channels of an os-
cilloscope (Tektronix RM 35), matching the amplitudes of 
corresp'onding echoes from both bars, displaying them by 
means of the add mode and delay trigger features of the 
scope, and reading the delay time (from lengths of preci-
sion coaxial cable) required to produce a null on the scope 
screen. The null is observed when the corresponding radio 
frequency (sine wave) signals from the two bars are of the 
- -
same amplitude and 180° out of phase. Figure 14 illustrates 
the system in block form. 
When phase was read, the attenuator setting was always 
adjusted to O db. In all cases, systems chosen for study 
- ...__ 
were deposited on the monitor bar from a hypodennic syringe. 
care was taken to obtain uniform wetting of the bar surface. 
Three surfaces (bottom and two large area sides) of the bar 
were thermostated to± 0.02° C. and the humidity was held 
4 
.. ::; 
r 
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r-------------, 
1 Substrates 1 
Pulsed 
Oscillator 
I \\ I ~ 
-----~:~,Reference 
I r I 
-
-
Tektronix 
RM35 
·oscilloscope 
I I 
I I 
I I 
I I 
I I 
,--------, ~ \ Monitor /; 
I I 
L--.-------- ... -J 
Phase-Stable 
Amplifier 
I ' 
Cable-Delay-Line 
Phase Shifter ----~ 
Attenuator ..___ 
.__ _____________________________ Phase-Stable 
• Amplifier 
Figure 14. Block Diagram of Phase Measuring Device 
constant to+ 5%. Air temperature in contact with other 
-
0 bar surfaces was only held to= 1 C. This was probably 
the main source of system unstability. 
2. Results 
-~., J 
Barlow and Lamb oils, HVI, MVI, and LVI, were observed 
at a frequency of 15 megacycles. The data of Table 7 were 
obtained. Estimates of uncertainty in the final answers 
were made by assigning an uncertainty to each variable at-
tenuation and phase shift. 
' J For further study, determination of viscosity and 
elasticity~as a function of temperature and employment of 
Ferry's time-temperature superposition theory7 as applied 
by Barlow and tamb5 would serve to check the reliability 
and reproducibility of the ultrasonic systems, in use by 
·-----. 
.. 
I. 
• 
so 
Table 7. ·viscosity and Elasticity of Lubricating Oils 
Oil Attenuation Phase Shift Viscosity Elasticity 
(dbo/echo) (degrees/echo) (poise) -· 2 -8 (~-yne/cmo )xlO 
-
-
HVI 2o25 10025 1.76 00636 
2o25 +.l 10.25 ' 1. 76 +.1 00636 +-1 
- - -
2o25 " lP.25 +.25 1.76 +.05 0.63 +.03 
- - -
MVI 2o0 +. 1 11.16 1.66 +.1 0.269 +o 1 
- - -. 
,. 
2.0 11.16 +.2 1.66 +.05 0.269 +Q03 
- - -
LVI 2.85 +.20 14.0 2.85 +.2 0.823 +.25 
- - -
2.85 14.0 t·2 2.85 +o05 00823 +o04 
- -I 
both investigators. 
An Indoil p.o·lybutene series was run and the d~ta 
for Table 8 were obtained. Qualitatively, resu~ts showed 
excellent agreement with the physical appearance and flow 
properties of the polymers. 
Table 8. Viscosity and Elasticity·of Polybutenes 
Polymer Viscosity Elasticity Molecular·wt. 
(poise) 2 -8 ((dyne/cm. )xlO ) (average) 
-~ . . 
. -
H-35 4.8 + Oo3 4.8 + o. 3 700 
- -
H-100 8 .4 + 0 0 2· 7.0 + 0.1 180 
- -
H-300 12.0 + 0.3 13.1 + 0. 5 . 940 
- . 
- • 
' 
_ A thick film of sample 3 preoxidized linseed oil con-
taining 0.006% benzoquinone was applied to t'be monitoring 
,•.' 
' ~"'-----... _ ...... 
-~· 
-. 
' . ··-~---~·-··-~-,.~ .. -.. .,, ···-· ' 
,, 
; 
5,1 
bar in darkness. It gave the results shown in Table 9. 
Table 9. Viscosity and Elasticity of Inhibited Preoxi-
dized Linseed Oil (sample 3) 
Titne after Application Viscosity Elasticity 
(hro) (poise) (~) X 10-S 
- - - cmo 
0 0.7 108 
-
... 
1-18 0.55 + 0.2 2.0 
-
22 1.0 I 2.8 
34 lo7 + 0.3 6.2 + 0.1 
- -
50 2.3 + 0.5 9.8 
-
85 2.5 16 
In this case, an induction period of about 18 hours 
was noted. During this time neither elasticity nor vis-
cosity changed appreciably. Viscosity increased from 1 to 
about 2.3 poise during the period between 34 to 50 hours 
after application and remained essentially constant there-
after. The shear elasticity began increasing after 18 
hours and was observed to continue increasing for the dur-
ation of the experiment. 
. ·- ····-' - - - .. -·~ A second polymerizing system, cobalt-catalyzed linol-
eic acid, was studied similarly on the research impedometer. 
Table 10 shows descrepancies and reversals in viscosity and 
elasticity which are apparently caused by small temperature 
fluctuations of the system. 
I 
1' 
/ 
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Table 10. Viscosity and Elasticity of Cobalt Catalyzed 
Linoleic Acid · 
., 
Time after Application Viscosity Elasticity 
X 10-S ;; 2 (hr.) (poise) (dyne/cm. ) 
1 Oo14 0.067 
2 Ooll 0.082 
4 1.0 0.043 
9 2.7 1.0 
18 6.6 5.7 
21 6.6 5.9 
27 6.6 7.9 
52 7 .o 8.5 
66 7.1 9.1 
. The changing properties of the system appear first as a 
change in the viscosity of the system and later as a change 
in elasticity. In the latter case, elasticity of the sys-
tem changes by 60% during the time period between 18 and 
66 hours after application while viscosity changes by only 
8% during the same period. 
' . 
'.\ 
The above.values are taken from data obtained at 15 
megacycles and processed by Lehigh's G.E. 225 computer. 
While their accuracy may be still in question, it is clear 
that,overall,the numbers do reflect actual changes ~r trends 
in the film systems under observation. The data give 
,·. 
.. 
. ... 
--~-- - .. _,._._ I' I ''II 
, ... _., .• t 
·, ' ... \ 
... 
,:., S3 
excellent correlation between high frequency viscoelastic 
properties and molecular weight for a particular polymer 
series. Numerical results are sufficiently different in 
magnitude to be easily·interpretable in terms of film 
characteristics. ,. 
' \ 
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Appendix III. 
Principles of Sing-Around Impedomet~y 
It has been noted that the recording impedometer is bas-
ed on the principle of the pulse-echo technique. That is, 
a high frequency mechanical pulse is reflected repeatedly 
within a substrate which may be quartz, glass, or even a met-: 
al delay line and attenuation of the multiple reflections is 
monitored. 
It is possible to use another property of the crystal and 
substrate to monitor the changing impedance of a film. The 
system capable of doing this was successfully used first by 
this experimenter to monitor film cure and is herein-describ-
ed. While it_ will be necessary ultimately to design a better 
basic amplifier, the advantages of this system over those of 
the pulsed model have already been demonstrated; these are, 
virtually, a linear recorder re_~ponse to film attenuation 
and less complex, therefore more reliable equipment. The 
rather simple and impracticable oscillator illustrated in 
Figure 15 will be considered and then expanded upon toil-
lµstrate operation of the basic sing-around recording im-
pedometer. 
When tne circuit is turned on, some noise will appear 
at the grid of the tube and will be amplified at the plate. 
,Jt, '~1'J'\, This noise will appear across C, and sporadically activate 
the piezoelectric crystal.' The crystal acts as a filter, 
- ',, ..... ~ 
- .· ·1·:•···-·-· . 
' 
. ~ . : . - :·,-, ·. ·-.-:- -· ·. -· -. ·•- ... ' 
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Figure 15. Principles of Sing-Around Circuitry13 
''passing'' only that noise which corresponds to a rein£ or ce-
ment of its resonant frequency. 
If the power gain through the tube is greater than the 
power loss through the crystal, the circuit will oscillate 
at the resonant frequency of the crystal. The amplitude of 
the oscillation is determined by circuit parameters. Con-
sider an attenuation placed between the tube and crystal, 
such that power loss in the line (dashed area in Figure 15) 
may be increased. It can be seen that high attenuation will 
cause the oscillation in the circuit to be damped, while a 
small attenuation will not appreciably affect the oscil-
lation. 
---~-- .. ~---·"'- -- ---- -·- - --- - . . .:~ -- -- I.,,..._ ·--· ~ - , .•• 
A critical value of line loss or attenuation exists such 
·that below this value, high amplitude oscillation occurs 
while above it no oscillation can occur. It is the unique 
r:. 
<" 
'.,. 
•. 
,. 
... ·- .... 
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method of maintaining line loss near this critical value 
which will be described in further detail, using the model 
,., •· l 
of the actual operating system. 
·\. 
lmpedometer 
....... ..._, ___ ..,."~· -----.---1 
R.F C, 
Amplifier 
Photo-Servo 
Attenuator 
Attenuation 
Control Lead 
.,,, . 
I 
Servo 
Recorder 
R.F. Detector-..._ _______ _,.. 
.,..___. Rectifier 
Figure 16. Sing-Around Impedometer Block Diagram 
I 
Consider Figure 16. Two electronic loops are evident. 
One loop contains a constant gain amplifier, impedometer bar 
or delay line, and photo attenuator. This loop is responsi-
/ 
ble for a continuous electro-mechanical oscillation in much 
the same manner as the tube-crystal oscillator discussed 
earlier. The difference is the fact that a film placed on 
the impedometer gives a line loss or attenuation which is a 
function of the film's shear mechanical impedance. 
. ... ·-·.,-~~-... .. ,.,... _::,. --·· . 
i 
1. 
• 
\ 
·'' 
:;: 
'' 
S7 
This· instrument ''sees•• only the first pass of the shear 
• • 
mechanical wave through the bar. Multiple .reflections are 
of concern only insofar as they are able to constructively 
or destructively interfere with the overall passage of 
shear mechanical energy from one crystal to the other as a 
standing wave is set up in the bar. This point\may become 
I 
one of concern to future investigators, as will the possi-
bility of phase shift in the amplifier circuit. 
The second loop contains the Heath servo-recorder, modi-
fied to send a control electrical signal to the photo at-
1 
· tenuator, the R.F. detector which detects the amplitude of 
the RoFo signal in the sing-around and the control module 
coDDDon to both loops, the photo attenuator. 
Both systems interact to control pen position of the 
recorder as follows: When no film is on the bar, a high 
level R.F. signal occurs in the line. This signal is de-
. 
tected, rectified, and fed to the recorder as d.c., causing 
the pen to deflect left. When the pen deflects left, it 
causes a second electrical signal.to be sent to the photo 
attenuator. This second signal increases attenuation in 
the R.F. loop and hence decreases the R.F. signal amplitude. 
The decrease is then seen by the R.F. detector which con-
tinuously feeds the d.c. correction signal to the recorder 
until the pen seeks some quiescent level to maintain the 
amplitude of the RoF. sing-around signal at a constant lev-
el. At this point, the d.c. output of the detector will 
I 
Ill 
. I 
.. , ..... ,.;-.. ;: .. ·-~ 
S8 
also be constant,.. Obviously, a constant gain amplifier is of 
utmost importance to maintain the proper quiescence level. 
When a film is placed on the bar, shear mechanical im-
ped:nce increases attenuation (loss) of the R.F. sing-
-
around signal. The decrease in amplitude of this signal 
causes a decrease in the doc. voltage output of the R.F. de-
tector and causes the recorder pen to drive to the right. 
This, in turn, sends a signal to the photo attenuator caus-
ing it to lower attenuation in the R.F. sing-around line 
and thus raise the signal lev~l again until the recorder pen 
finds a new quiescent point. The ultimate result is that 
the film's shear mechanical impedance has caused displace-
ment of the recorder pen to the right in a predictable and 
reproducible manner. 
U~e of the above technique and modules to be des-
cribed has produced continuous recordings of film forma-
tion up to an attenuation level 20 decibels of shear me-
chanical impedance at a frequency of 5 megacycles. 
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Rl = 13IC.J\2w 
a2 = a3 = lOK lw 
a4 = 22K 2w 
Rs = 6.8K 2w 
a6 = a7 = 470K l/2w 
170n 1/2w Ra --
·Rg - 5.6K 
:/ 
... 
c1 = 10 MFd 450 V.D.C. electrolytic 
- . 
c2 = c3 = 50,Pf ceramic disc 
c4 = 1500 Pf ceramic 
c5 = .005 Mfd ceramic disc 
c6 = 180 Pf Mica 
c7 = 25 Mfd@ 25 v.n.C.' 
-
L1 ~ 60 Mh variable 
~ . 
l .. : ..... 
" "' 
-- ·-··-·--· '·--- ... ---·"·- -· ~- ..---.---~ _ ...... -
I 
•. .. ... 
.... •. - ll.F. Input R,o so'°F 
____
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Figure 18. R.F. Detector-Rectifier 
D.C. Output to 
,,-
Recorder 
3 /11e g 
R10' the input resistor, is chosen here to be of a value 
. that will prevent slow oscillation of the recorder pen. 
This can vary to some extent with the output of the am-
plifier chosen but will generally be in value between one 
and three megohms. 
R(l) 
G.E. #47 
Bulb (1) 
\· 
R.F. from Amplifier 
R(2) R.F. Output to 
Impedometer 
G.E. #47 
Bu 1 b ( 2) L .J~-.~-"'~~ 
--
200 ohm 
3-Turn 
Potentio-
117 VAC ill 6.3 V.AC 
Figure 19. Photo-Servo Attenuator 
R(l) + R(2) are International Rectifier Corporation 
cadmium sulfide photoresistors type CS120U6o In Figure 19, 
the 2001\,3 turn potentiometer is mounted within the Servo• 
recorder and 1,inked to the recorder's servo system. It is 
- . ----- -~···---~............ ____ .. --
-- ,._ ·-----· . 
. .t·· • 
,.,; 
.. 
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powered externally by a 6.3 v. filament transformer as shown. 
Movement of the potentiometer arm to the left corresponds to 
recorder pen deflection to t~e left and causes bulb (1) 
(( 
(GE47) to grow brighter while the right bulb (2) grows dim-
mer. As bulb (2) grows dinnner, photoresistor R (1) beGomes 
a better conductor and grounds the signal out. As bulb (2) 
grows dimmer, photoresistor R (2) grows less conductive, so 
that less of the R.F. signal goes through. The net result 
of a deflection of the potentiometer arm to the left (cor-
responding to recorder pen deflection to the left) is an in-
crease in attenuation of the RoF. signal in the bar-amplifier 
circuit. For pen deflection to the right, the converse of 
above occurs and results in decreased line attenuation. 
•. 
Q 
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IV. Description and List of Equipment Used 
A. Recording Impedometer 
The pulsed oscillator was constructed on special order 
and is described as a pulsed negative resistance oscillator 
triggered on positive and negative slopes of high voltage 60 
cycle sine wave tapped from the power transformer. Pulse 
length is 10 microseconds and risetime is 0.5 microseconds. 
The oscillator is capable of operation at frequencies from 
1 to·.·70 megacycles with pulse amplitudes of 250 volts o 
The amplifier (M-235-A) is a narrow band video ampli-
fier manufactured by Instruments for Industry of Hicksville, 
New York. Input impedance is 50 ohms and output impedance 
is 400 ohms. Response is centered at 30 megacycles and is 
5 db. down at 25 and 35 megacycles. 
Two types of integrators are used. One is completely 
passive and is given in Figure 2. The second is similar in 
design but consists of a first stage plate follower tube 
(6BQ5) capacitance coupled to the I. F. amplifier and to 
the integrating diodes. The tube-type integrator does not 
• draw power from the I. F. amplifier. 
The recorder is a Heath EWU20A having full scale sensi-
tivity adjustable from 10 to 250 millivolts. Chart speed 
was selected to be 2 m./hr. for most runs. 
. . 
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B. Research Instrument : 
The pulsed oscillator (PG-650) was manufactured by the 
Arenberg Ultrasonic Laboratory. It requires 125 watts of power 
. 
at 115 volts, 60 cycles. Pulse width is 4 microseconds at a 
repetition rate of 120 per second and displays a Oo4 micro-
second risetime. Output frequency is variable with coil 
interchange from 1 to 80 megacycles and pulse amplitude is 
variable from Oto 150 voltso Output impedance is 93 ohms. 
The phase-stable amplifier is manufactured by the Aren-
berg Ultrasonic Laboratory. It is the wide-band WA600 am-
plifier rated at 125 watts power consumption. Bandwidth is 
6-60 megacycles with a gain of 85 ± 5 db. Recovery time from 
overload is 20 microseconds. Input and output impedance are 
. 
93 ohms and output voltage is 10 volts positive maximum. 
A second wide-band amplifier is described as the Hew-
litt Packard Wide-Band Amplifier 460AR. Power requirement 
is 50 watts at 115 volts. The gain of.this amplifier is 20 db. 
t 3 db. from 20 kilocycles to 120 megacycles. Input and out-
put impedances are 300 ohms. The output is 8 volts peak to 
peak into 200 ohms. Risetime is 0.003 ,~icroseconds. 
I ' 
I 
/ 
The RM:535 Oscilloscope was manufactured by Tektronix 
Inc. and has a power requirement of 535 watts. Frequency 
.. 
response is d.c. to 10 megacycles. Type CA plug-in-vertical 
amplifier gives 0.05-20 volt per centimeter sensitivity with 
a risetime of 0.01 microseconds. T~e oscilloscope has a 
sweep delay variable between 1 to 105 microseconds. 
\I 
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The attenuator was manufactured PY Hewlett-Packard and 
consists of the 355C and 355D attenuators in series to pro-
vide a total range of Oto 132 db. of attenuation in 1 db. 
intervals. Attenuators are usable from d.c. to 103 megacycles 
at the"rating of 0.5 watt·power dissipation. 
The delay line used for phase measurements consists of 
several precision coaxial cables of varying lengths which 
could be switched into and out of the circuit. Delay is vari-
able between 1 and 144 nanoseconds in 1 nanosecond intervals. 
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